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Galactinol synthase (GolS), a GT8 family glycosyltransferase, synthesizes galactinol and rafﬁnose ser-
ies of oligosaccharides (RFOs). Identiﬁcation and analysis of conserved domains in GTs among evo-
lutionarily diverse taxa, structure prediction by homology modeling and determination of substrate
binding pocket followed by phylogenetic analysis of GolS sequences establish presence of functional
GolS predominantly in higher plants, fungi having the closest possible ancestral sequences. Evolu-
tionary preference for a functional GolS expression in higher plants might have arisen in response
to the need for galactinol and RFO synthesis to combat abiotic stress, in contrast to other organisms
lacking functional GolS for such functions.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Inositol-3-a-galactosyltransferase, commonly known as galact-
inol synthase [EC 2.4.1.123; GolS], represents a relatively smaller
class of eukaryotic glycosyltransferase family (GTs; EC 2.4.x.y.)
speciﬁcally GT8, in the CAZy (Carbohydrate Active EnZymes) data-
base. GT8 is a large enzyme family involved in the biosynthesis of a
pool of diverse sugar conjugates important in structure, storage,
energy and signaling. GolS galactosylates myo-inositol to form O-
a-D-galactopyranosyl-[1? 1]-L-myo-inositol, commonly known
as galactinol. Sequential transfer of a-galactose from galactinol
onto sucrose yields rafﬁnose (a-Gal–Suc) and stachyose (di-a-
Gal–Suc). Interestingly, GolS, the key enzyme of this pathway, is
represented only in the ﬂowering plants which makes synthesis
of galactinol and rafﬁnose family oligosaccharides (RFOs) a highly
specialized metabolic event in higher plants. While these water-
soluble non-reducing carbohydrate molecules are produced in
angiosperms in low quantity under normal conditions, increased
synthesis of RFOs has been reported under speciﬁc conditions.chemical Societies. Published by E
inol synthase; RFOs, rafﬁnose
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.RFOs are synthesized and stored in seeds protecting the embryo
frommaturation associated desiccation [1], are predominant trans-
port carbohydrate in cucurbits [2,3], act as signaling molecule fol-
lowing pathogen attack and wounding [4,5] and accumulate in
vegetative tissues in response to a range of abiotic stresses [6–
10]. Plants exhibit a number of GolS isoforms with speciﬁc func-
tions and locale of expression. Two GolS genes in Arabidopsis
(AtGolS1 and AtGolS2) [6] and one in maize (ZmGolS2) [7] are highly
expressed in mature and dry seeds while other isoforms are ex-
pressed at low levels in seeds and are induced by diverse stresses
[6–10].
In this communication, we attempted to ﬁnd out the speciﬁcity
of GolS for galactinol synthesis, its conservation across plant fam-
ilies and how the function and expression of GolS separates it from
other GT8 members. By homology modeling based on available
structure data, the conserved and important sites for the GolS reac-
tion are predicted. The high degree of conservation among plant
GolS proteins, their similarity to a subset of functionally unas-
signed sequences from fungi and absence of related sequences in
eubacteria, cyanobacteria or other lower group of plants leads us
to suggest that GolS might have evolved from an ancestral fungal
sequence, the ancestral gene being lost in the process of evolution.
We also suggest that the role of GolS being largely seed–plant spe-
ciﬁc, the enzyme has been retained and evolved among angio-
sperms while not retained or differently evolved among other
taxa. In contrast to the highly conserved nature of inositol synthe-
sis among diverse taxa [11], speciﬁc evolution of this metabolic
path of inositol in plants is unique.lsevier B.V. All rights reserved.
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2.1. Derivation of sequence data
The gene/protein sequences for GolS were derived from NCBI,
UNIPROT, TIGR and TAIR.
2.2. Analysis of evolutionary tree
Evolutionary relationships were deduced in Mega 5.0 (Molecu-
lar Evolutionary Genetics Analysis) [12]. Hundred rounds of boot-
strapping veriﬁed reliability of the trees. Trees were edited in
Figtree3.1 [13].
2.3. Microarray based expression analysis
Expression proﬁle of the members of GT8 family in rice and Ara-
bidopsis was obtained from publicly available microarray data
using Genevestigator (http://www.genevestigator.ethz.ch) [14].
Whole genome microarray-based expression data was analyzed
for different tissues at different developmental stages under vari-
ous abiotic stresses and clustered heat maps were generated. The
probe IDs for rice and Arabidopsis GolS isoforms are mentioned
in supplementary Table 1.
2.4. Generation of 3-D structure and analysis
Consensus sequences were constructed using ClustalW2 and
Multalin. Multiple threading was performed in LOMETS, a meta-
threading software with eight locally installed threading programs
[15]. Zea mays GolS3 (Locus No. ACG34552, Accession No.
EU962434.1) sequence was used as input. The generated 3-D mod-
el was aligned to the templates using TM-align [15–17]. Docking of
ligands on the protein molecules were done by BSLIM [15]. Inositol
binding site was predicted using InCaSite [18] and all the 3-D mod-
els, distances, superpositions and bonds were edited and predicted
using Chimera 1.2.
3. Results
3.1. Identiﬁcation of conserved domain and common binding motif
among GolS
Of the 94 GT families in CAZy (Carbohydrate-Active enZymes)
database only a few are functionally monospeciﬁc [19,20]. Classi-
ﬁed according to three-dimensional structure, reaction mechanism
and donor and acceptor substrates [21], glycosyl transferases offer
a challenge for evolutionary analysis with surfeit of closely related
sequences having different catalytic activity. At the tertiary struc-
ture level, majority of the GTs exhibit one of the two types of folds,
GT-A (SpsA and Sps-A like) or GT-B (B-GT or B-GT like) [19] with
recent reports of a GT-C fold in CstII (sialyl transferase) from Cam-
pylobacter jejuni and OST (oligosaccharyl transferase) from Pyrococ-
cus furiosus [22,23] apart from the unassigned fold-class termed
GT-U (GT-unknown).
Based on the information available for resolved crystal struc-
tures LgtC (from Neisseria meningitides), and Gyg (glycogenin, from
rabbit muscle), the ﬁrst 120 amino acids of a GT8 protein charac-
teristically show an alternating a/b/a sandwich, a Rossmann fold,
common in nucleotide-binding proteins and in a GT8 enzyme
responsible for binding the nucleotide sugar donor substrate. The
GT-A enzymes have also been found to possess a common DxD
motif and require a divalent cation for activity [19].
The eukaryotic GT8 family are thoroughly studied and analyzed
from evolutionary stand-point [24,25]. GolS is classiﬁed to be amember of GT8 family, with a retained GT-A fold and with UDP–
galactose as sugar donor and inositol as acceptor. To identify a
common catalytic domain between GolS and the other GT8 mem-
bers, a BLAST search with functionally annotated GolS sequence
from Glycine max (Accession No. AAM96867) registered seventeen
bacterial and fungal sequences with high sequence similarity fol-
lowing elimination of representative sequences from GATL, GAUT
or PGSIP groups. These were subjected to a multiple alignment
with seven representative GolS protein sequences from dicot (Ara-
bidopsis thaliana, Brassica napus, Boea hygrometrica) and monocot
plants (Xerophyta viscosa, Oryza sativa, Z. mays) and a gymnosperm
(Pseudotsuga menziesii). The alignment was analyzed for secondary
structures as compared to that of LgtC (PDB ID 1GA8 and rabbit
glycogenin chain A and B (PDB ID 1LL0). Fig. 1A shows the align-
ment and the secondary structures mapped onto the representa-
tive sequences. Close inspection of this alignment shows
conservation of the GT8 family-speciﬁc motifs including DxD
HxxGxxKPW and GLG motifs as described [26]. Conservation of
class and clade-speciﬁc motifs described previously [24,25], YNL,
FAEODFLNME, KLRIWEFVEY, were studied in the alignment [24].
In our results, the fungal and bacterial sequence homologues of
GolS show little sequence conservation, but plant GolS sequences,
along with the available gymnosperm sequence are almost identi-
cal as indicated in the alignment (Fig. 1A). The dissimilarities
between plant and fungal sequences lie mostly in the disordered
C-terminus. The ratio of loops to elements is high resulting in a
high level of structural ﬂexibility. Comparison of the catalytic
domains remains consistent with the fact that each member of
GT-A family consists of two somewhat loosely deﬁned regions:
the N-terminal 100–120 residues representing the nucleotide-
binding domain and the C-terminal region that binds to the accep-
tor molecule. The N-terminal region resembles a Rossman fold
made up of ﬁve b-strands with the last strand in antiparallel direc-
tion and is terminated by the DxD motif between b4 and b5. The
two aspartate residues of the DxD motif interact with the Mn2+
ion and the variable amino acid of the motif (usually a polar or
aliphatic non-bulky residue) participates in ribose binding. The
C-terminal region is highly variable between functional groups of
GT-A enzymes and may serve important role in the recognition
of acceptors. Within the GolS clade, some common structural
elements are expected since all of them use L-myo-inositol as the
acceptor. There is a common C-terminal hydrophobic pentapeptide
APSAA present in all GolS sequences and a conserved serine with-
out any functional prediction (Fig. 1B). Upon nucleotide sugar
binding the disordered loops at C-terminal extremity of some GT
enzymes becomes organized and adopts a new conformation to
create a pocket for the binding site of the acceptor molecule [27–29].
3.2. Structure prediction and homology modeling
Since it is difﬁcult to predict the functional importance of the
conserved motifs in absence of a crystal structure and clearly de-
ﬁned structural motifs, mapping the conserved residues on a sufﬁ-
ciently close known crystal structure was attempted to elucidate
the functional signiﬁcance of the predicted conserved sequences.
To generate a 3-D structure of GolS, the 345 amino acid sequence
of Z. mays GolS 3 was submitted to LOMETS [15]. The best struc-
tural template predicted for GolS is rabbit glycogenin (PDB ID
1ll0) which represents one of the two resolved crystal structures
of GT8 family. The best 3-D structure predicted (Fig. 2A) was
aligned to 1ll0B chain A (rabbit glycogenin chain A) in TM-align
server [16] and the alignment was inspected for accuracy (Fig. 2B).
The constructed model of ZmGolS3 was inspected in Chimera
1.2 [30] and shows 20 a-helices, 7 b-strands and a large amount
of loose coils (Fig. 2A). The template-structure alignment showed
good structural match although the sequence identity was
Fig. 1. The conserved motifs and residues on ZmGolS3 were predicted in Consurf [31]. (A) Shows the multiple alignment of representative plant GolS, close fungal sequences,
sequence extracted from the structure template rabbit glycogenin chains A, B, and LgtC, generated in ClustalW and color-coded for conservation in Consurf. The secondary
structures are also mapped on each sequence; a-helices in yellow and b-strands in green. (B) Shows the color-coded conserved residues on 3-D model of ZmGolS3 The
abbreviations used in the multalin are listed in supplementary Table 2.
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templates in the threading aligned region with the query sequence
remains between 0.28 and 0.30 while the percentage sequence
identity between the whole template chains and the query
sequence is between 0.23 and 0.21. Coverage of threading alignmentranges between 0.74 and 0.71. The normalized Z-scores of the
threading alignments are 2.37 in case of 1ll0B and 8.72 in case of
1ll0A. The important unaligned regions of query sequence are the
helices a1, a2, a20 of ZmGolS3 as well as a long C-terminal tail
with APSAA conserved domain (Fig. 2B). However in the structure
Fig. 2. (A) Shows the 3-D structure of ZmGolS3 generated by I-TASSER server, using 1ll0B as a template. The model is color-coded according to the predicted secondary
structure. The protein shows seven b strands with the catalytic D  D domain sitting in between b4 and b5; 20 a-helices and a high proportion of loose coils. (B) Shows the
alignment of 1ll0B with the threaded model, where 1ll0B is coloured in magenta. Note that some parts of the exposed surface do not align; however, overall alignment shows
a high conﬁdence score. The drawings are generated in Chimera 1.2.
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structure enclosing binding pocket.
The motifs involved in structural conservation of GT8 enzymes
are identiﬁed in Consurf server [31] and listed along with their
positions on the 3-D structure (Fig. 1A and B). Most of the highly
conserved regions are buried inside the protein forming a tight
and relatively solvent-inaccessible binding pocket.
3.3. Positioning of donor and acceptor molecules in the 3-D structure:
the binding pocket
From the threading results above, information about the pos-
sible substrate binding sites was obtained. The top prediction for
a structural template for binding site through I-TASSER is 1zdfA:
Glycogenin-1 from Oryctolagus cuniculus which is a Ser162 mu-
tant complexed with UDP–glucose and manganese which exhib-
its a high BS-score of 1.46. Based on the alignment between
1zdfA and the obtained ZmGolS model, important binding resi-
dues can be predicted. Asp123, Asp125, Ala266 are involved in
Mn+ binding while Phe31, Leu32, Ala33, Gly34, Tyr38, Ile103,
Asp123, Ala124, Asp125, Asn191, Ala192, Gly193, Gly222,
His263, Cys265, Lys270 take active role in binding UDP–sugar.
There are no indications of an inositol binding site from the I-
TASSER server, due to absence of a resolved crystal structure.
The amino acids Asp123–Ala124–Asp–125 represent the struc-
tural elements of catalytic DxD domain, and is buried inside
the protein to form the catalytic pocket that shields the sugar
from water access. To predict the positioning of inositol in the
enzyme we run BSP-SLIM, a blind molecular docking method
on low-resolution protein structures, with inositol and the pro-
tein 3-D structure which identiﬁes putative ligand binding sites
by structurally matching the target to the template holo-struc-
tures. The ligand–protein docking conformation is then con-
structed by local shape and chemical feature complementarities
between ligand and the negative image of binding pockets. The
docking predicts that the ligand was positioned in the same
binding pocket as UDP–gal. Three conserved amino acids,
Gln222, Tyr38 and Cys265 was predicted to interact with the li-
gand. Inositol was placed sufﬁciently close to the donor UDP–Gal
and the DxD catalytic domain to initiate a transfer reaction
(Figs. 3 and 4). Possible bonds, associations and contacts were
predicted with atom–atom distances in Figs. 3 and 4, and the ob-
tained data was further veriﬁed by InCasite ﬁnder analysis (data
not shown).3.4. Phylogenetic analysis of GolS sequences
The phylogeny of full-length GT8 protein sequences from plant
genomes [24,25], suggests existence of six monophyletic plant GT8
clades assembled into two widely divergent groups with remote
evolutionary relation. The plant cell wall synthesis-related en-
zymes in GAUT and GATLs (Class I) along with GATL-related sub-
family exhibit a probable cyanobacterial ancestry [25]. The rest
of the clades, functionally unrelated to cell wall synthesis, repre-
sent two distinct classes of proteins, PGSIP – plant glycogenin-like
starch initiation proteins (three clades) and GolS (one clade). The
subclade structures of PGSIP and GolS clades are very complex
and not all representatives of sequenced genomes are present in
these two clades [25].
The separation of GolS clade from other GT8 sequences and a
close association with fungal homologues in the extensive phylog-
eny of GT8 domains of 918 functional and putative GT8 sequences
[25] is interesting. The separation indicates that the origin of GolS
is separate from GAUT or GATLs, albeit closely associated with fun-
gal homologues of unassigned functions suggesting probable fun-
gal ancestors. The narrow functional regimen of GolS has to be
considered to trace the evolutionary origin of GolS, as the homo-
logues would most certainly be silent or bifunctional in non-plant
organisms.
An unrooted radial cladogramwas constructed from the protein
sequences of candidate GolS and GolS-like fungal sequences. The
radial tree shows separation of distinct fungal and plant clades
and bacterial or animal proteins are also separately placed. The
ﬂowering plant clade has the gymnosperm sequence P. menziesii
at its base, suggesting similar evolutionary origin and the separa-
tion of two clades appears to take place before monocot and dicot
diversiﬁcation (Fig. 5A). The cladogram of GolS or GolS-like se-
quences extracted from genomic sequences of plants shows a dis-
tinct separation of monocot and dicot sequences. All monocots are
clustered in a narrow clade whereas the diversiﬁcation in dicots is
greater. Separation between monocots and dicots is supported by a
low bootstrap value, suggesting low identity of sequences in pair-
wise alignment although the tips of the clades show high identity
among the taxa (Fig. 5B). We suggest that this may be due to ab-
sence of the ancestor sequence, probably lost during the process
of evolution. However the close association of functionally unas-
signed fungal sequences in the study of Yin et al. [24,25] suggests
that these two groups of sequences might have had a common
ancestor.
Fig. 3. Docking of the ligands onto ZmGolS3 3-D model. (A–C) Shows docking results of UDP–Gal on the molecule and (D–F) shows docking of inositol on the molecule. (A and
D) Shows the positioning of ligands on the chain, where both ligands are place in close vicinity to the DxD conserved domain. (B and E) Shows the surface of the proteins
where the ligands are deeply buried into a binding pocket, the inner face of which is made up of the DxD domain and the ﬂanking strands and mostly solvent-inaccessible
residues. Such conformation makes the protein suitable to prevent loss of activated sugars by hydrolysis. (C and F) Shows the interaction of residues with the ligands and
predicts bonding or contacts. Lys107, Ile103, Tyr38 and Cys265 are probably important residues to take active part in inositol binding, whereas binding with UDP–Gal is
mediated by a number of residues, namely Phe31, Leu32, Ala33, Gly34, Tyr38, Ile103, Asp123, Ala124, Asp125, Asn191, Ala192, Gly193, Gly222, His263, Cys265, Lys270. The
interatomic distances are predicted in the ﬁgure.
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Most of the plants have more than one isoform of GolS coded by
different genes rather than generated by alternate splicing. The iso-
forms exhibit locale or condition speciﬁc expression linked to RFO
synthesis [9,10,32–41]. To study the expression proﬁle of GolS un-
der stress, we run an expression proﬁling for the GT8 family mem-
bers in rice and Arabidopsis using the publicly available microarray
data under diverse developmental stages, stress conditions and tis-
sues. There are seven functionally annotated and one putative GolS
genes in A. thaliana, and two putative GolS genes in rice. The GT8
family in Arabidopsis and rice has 38 and 50 protein members,
respectively [42]. The microarray-based expression data were ana-
lyzed during different developmental stages, different tissue sam-
ples as well as during different abiotic stresses and clustered heat
maps were generated (Fig. 6A and B). Fig. 6A summarizes the con-
dition speciﬁc expression proﬁle for GT8 family in Arabidopsis. Of
the entire GT8 family, GolS is the only group of GT8 genes upreg-
ulated in response to abiotic stresses as observed in present anal-
ysis. Probe sets 249804_at, 254000_at, 246669_at, 245466_at
are not upregulated in any of the stress treatments, but
264245_at is upregulated in salinity stress; 264940_at is upregu-
lated during nitrate starvation, cold stress, osmotic stress, oxida-
tive stress and wounding. 263320_at is upregulated in cold
stress, drought, heat, osmotic stress, late salinity stress and early
phase of wounding. 245627_at shows increased abundance in
exposure to ABA, cold, drought, salinity, osmotic stress, heat.
264511_at shows upregulation in cold and drought and slight
upregulation in wounding. None of the other GT8 genes show
much alteration of expression proﬁle in stress. A considerable
number of GT8 genes show variation in tissue-speciﬁc expression,whereas the GolS expression remains mostly unaltered except in
some cases. For example, 245466_at show high expression in root,
seeds and reproductive organs with no expression in shoots; and
263320_at, 264511_at, 245627_at shows high expression in
mesophyll and guard-cell protoplasts. Unless induced by stress,
most of the GolS genes show low-level constitutive expression dur-
ing development with no detectable expression excluding
263320_at and 245627_at, upregulated in mature siliques.
The two GolS genes in rice show high expression in drought and
salt while only one of them shows high expression in cold. During
anaerobic germination, the level of transcripts is downregulated
and following a shift to aerobic germination transcription is in-
duced. Submergence downregulates transcription of both genes.
Both are highly expressed in collar and leaf tissues and slightly
upregulated in seeds. GolS expression is very low during develop-
ment excluding the tillering stage. It appears that GolS expression
is highly stress-driven in contrast to the other GT8 genes, the stres-
ses being mostly abiotic, salt, drought or cold and the pathway of
signaling is not ABA-regulated. Representative heat maps are pre-
sented in Fig. 6A and B as well as in supplementary Figs. 1 and 2.
4. Discussion
From the search of GolS sequences from different domains of
life, it becomes apparent that GolS is a plant-speciﬁc protein sub-
family. GolS represents a strongly monophyletic clade among the
GT8 group of enzymes suggesting a single ancestral sequence.
However, the low bootstrap values at the base of the tree in our re-
sults and absence of related sequences suggest that the ancestral
sequence or sequences have been lost or differently evolved in the
evolutionary process (Fig. 5B). Close association with unassigned
Fig. 4. (A–D) Shows the close positioning of donor and receptor molecules within the binding pocket of ZmGolS3. (A) Shows the ribbon model whereas (B) shows the surface.
(C) Shows closer view of the ligands within the binding pocket and composition of the pocket. (D) Shows the important residues that are predicted to take part in the reaction,
by binding to inositol and UDP–Gal.
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tionally unassigned fungal GT8 enzymes. The GolS sequences show
small stretch of characteristic conserved sequences, besides the
characteristic GT8 domain, as highlighted in Fig. 1C. The 3-D struc-
ture aligns with rabbit glycogenin, and our docking results predict
that Cys265, Gln222 and Tyr38 on ZmGolS sequence might play a
role in inositol binding (Fig. 3E and F). Inositol is positioned within
the same binding pocket as UDP–Gal that is made up of highly con-
served sequence stretches and is deeply buried within the protein.
This kind of binding reaction ensures that water molecules cannot
act as acceptor for sugar transfer and hydrolysis of energetically
precious nucleotide sugar is minimized [19]. Structure of the
protein is ﬂexible owing to the high proportion of loops. This
establishes that small changes in amino acid residues may result
in change of biological ﬁtness of the protein.
RFOs impart desiccation, cold and salinity tolerance to plants
and increase longevity of seeds under dehydration. Large number
of isoforms in each plant suggests that GolS transcription is con-
trolled at different levels under various conditions. Differential
expression of GolS isoforms linked to cold, salinity or desiccation
have been reported in Phaseolus vulgaris, O. sativa, Ajuga reptans,
Solanum lycopersicum, A. thaliana, Z. mays, Cucumis melo, Gossypi-
um, Populus and resurrection plants like B. hygrometrica and X. vis-
cosa [9,10,32–41].
A tight regulatory control over the metabolic events related to
inositol was observed in the expression analysis of GolS. The GolS
isoforms and pattern of their expression are diverse and biosynthe-
sis of galactinol is controlled by the available concentration of
myo-inositol as the substrate in addition to other factors. In intact,excised Pisum sativum seeds, galactinol level can be considerably
increased by application of exogenous myo-inositol [43], an
approach that mimics the uptake pattern from apoplastic ﬂuid
[44]. Barley mutants low in phytic acid are known to contain a
cumulatively higher in vivo steady state pool of myo-inositol
[45,46] and a higher level of galactinol as well compared to control
plants [43]. Variations of sucrose level also affects synthesis of
rafﬁnose with variations in galactinol content as reported in trans-
genic Vicia narbonensis seeds inhibited for ADP–glucose pyrophos-
phorylase [47], the transgenic seeds having elevated levels of both
sucrose and RFOs. The RFO pathway is intimately linked to primary
plant metabolism via myo-inositol, sucrose, and UDP–galactose.
Within this metabolic network, even changes in the distant path-
way (e.g. generating phytic acid) can markedly affect the amount
of RFOs deposited in a seed [43].
It is interesting that metabolic fate of inositol is linked to two
dead-end pathways: biosynthesis of RFOs through GolS or methyl-
ated inositols by another inositol-speciﬁc methyl transferase such
as inositol methyl transferase (Imt) [45,46], both being plant-spe-
ciﬁc and known to impart stress tolerance [5,18]. In light of the
increasing array of information in the ﬁeld of genome sequence,
expression proﬁles of genes and metabolomes, it would be partic-
ularly relevant to address the evolution of enzymes, which direct
free inositol towards meaningful and controlled metabolic fate.
Current analysis on one of such pathways, galactinol synthesis,
concludes that GolS is a functionally monospeciﬁc GT8 subclade,
restricted to plants but bearing similarity to fungal proteins with
unknown functions. It is indicated that evolution of GolS occurs
in plants as a matter of preference, to meet requirement of RFO
Fig. 5. Evolutionary relationships of taxa. (A) Shows the positioning of GolS clade across the life domains, while (B) shows the evolutionary relationships between all GolS or
GolS-like complete protein sequences. The evolutionary history was inferred using the Neighbor-Joining method. The bootstrap consensus tree inferred from 100 replicates is
taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less than 100% bootstrap replicates are collapsed. The
tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The branches are color-coded according
to bootstrap values. The evolutionary distances were computed using the Poisson correction method [3] and are in the units of the number of amino acid substitutions per
site. All ambiguous positions were removed for each sequence pair. Evolutionary analyses were conducted in MEGA5 [12] and the ﬁgures were edited in Figtreev1.3.1. In (B),
nodes representing sequences from same species are collapsed for ease of viewing. It is notable that isoforms from same species may be differently evolved. The monocot
clade is monophyletic and highlighted.
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organisms and animals. In the GT8 family functionally distinct
clades are present [24] and the ancestors of constitutive plant cell
wall related GT8 enzymes are cyanobacterial [25] while no func-tional ancestral sequences could strongly be suggested for GolS
subclade. Either the non-plant ancestral sequence was lost or had
undergone considerable change in composition to match the
requirements of the host organism. Plants also exhibited a special
Fig. 6. Clustered heat maps of expression proﬁle of existent GT8 members in (A) Arabidopsis thaliana and (B) Oryza sativa. Probe sets representing GolS gene were marked by ⁄.
The proﬁle was generated in Genevestigator exploiting all publicly available microarray data.
S. Sengupta et al. / FEBS Letters 586 (2012) 1488–1496 1495stress-linked preference for GolS and the gene, though originated
even before the diversiﬁcation of monocot and dicots, has under-
gone considerable evolution as supported by the presence of a high
number of gene isoforms in plants. More genomic data from lower
plants and fungi, supported by crystal structures of GolS would be
required to search for the ancestry of the gene and relevance of its
preferential evolution in higher plants.
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